A complete compositional and thermal characterization of celotex was carried out using energy dispersive spectroscopy, inductively coupled plasma-mass spectroscopic analysis, ion chromatography, and thermogravimetric analysis. Both fluoride and sulfate anions in addition to chloride as well as several metal ions are found to be present. The chloride present in celotex is lost at moderate temperatures 200<T<400°C, which may have important consequences on the formation of corrosion precursors.
Abstract
A complete compositional and thermal characterization of celotex was carried out using energy dispersive spectroscopy, inductively coupled plasma-mass spectroscopic analysis, ion chromatography, and thermogravimetric analysis. Both fluoride and sulfate anions in addition to chloride as well as several metal ions are found to be present. The chloride present in celotex is lost at moderate temperatures 200<T<400°C, which may have important consequences on the formation of corrosion precursors.
Equilibrium thermodynamic calculations on the stability of beryllium oxide in chlorinated environments were performed for a model system composed by beryllium, carbon, chlorine, hydrogen and oxygen. The calculations were aimed at describing the equilibrium, long-term behavior of a beryllium surface and its interaction with chlorine in a closed environment. We found that (i) carbon is essential for the formation of BeCl 2 , and (ii) the chlorine-to-hydrogen ratio in chlorinated solvents is an important quantity since for solvents with chlorine-tohydrogen ratio higher than 1, BeCl 2 is not formed independently of the amount of solvent. This page intentionally left blank.
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INTRODUCTION
The importance of safe and long-term storage of nuclear weapons components has drawn attention towards the characterization and understanding of the corrosion precursors formed on beryllium. Both celotex, which is used as a packing material inside the AL-R8 storage containers, and the chlorinated solvents that are used for degreasing beryllium parts have been evidenced before to be the source of the aggressive anion, chloride, which can cause pitting corrosion on beryllium. An understanding of the corrosion behavior of beryllium in the environment of the storage containers and of the roles played by the various chemical constituents in the degreasing agents is of vital importance.
Recently, several groups have focused on the corrosion of beryllium and the corrosion precursors formed on beryllium surfaces (LeMay, 1995; Hill et al., 1996; Lillard et al., 1997; Birkbeck et al., 1999) . Beryllium chloride is soluble in water and it is known to induce corrosion in beryllium metal. Experiments have shown the presence of chloride corrosion precursors on the surfaces of beryllium used in nuclear weapons. There is evidence that the chloride present on the surface of beryllium originate either from the chlorinated solvents such as 1,1,1-trichloroethane (TCA) and 1,1,2-trichloroethylene (TCE) that are used as degreasing agents in the nuclear industry or from the celotex, which is used as a packing material inside the AL-R8 containers.
Despite the prior work on the corrosion behavior of beryllium, the issue of how the interaction of the different organic and inorganic compounds with beryllium ultimately affect the general corrosion of the metal and the stability of the ubiquitous protective oxide layer remains unclear. To address this issue, we have focused on two aspects during the past year: (i) a complete characterization of the chemical composition of celotex and its thermal stability, and (ii) the prediction based on thermodynamic calculations of the reaction products formed by the interaction of beryllium with organic solvents. 
EXPERIMENTAL AND METHODOLOGY
RESULTS AND DISCUSSION
Characterization of Celotex
Celotex is a sugarcane bagasse fiber. According to the materials safety data sheet (MSDS), it consists of primarily cellulose (< 95%) and starch (< 9%). In addition to these organic constituents, it consists of trace amounts of inorganic constituents such as clay. Since the inorganic species present in the celotex can play a critical role in forming the corrosion precursors, a qualitative and quantitative determination of the various cations and anions present will be valuable. Accordingly, we used EDS, ICPMS, and IC analyses to determine the inorganic constituents. Tables 1−3 give the EDS results for three celotex samplesS1, S2 and S3that were cut from three different places of a bigger celotex packing material. For each sample, the EDS data collected at five different areas and their average are presented in these Tables. It should be noted that the numbers presented in Tables 1−3 are obtained by assuming that the sum of the weight % of all the elements listed in the table corresponds to 100%. Therefore, the actual weight % of these elements in celotex will be much smaller than these numbers since celotex contains only <5% inorganic constituents and the remaining >95% corresponds to organic constituents such as cellulose and starch.
The EDS data show the presence of Al, Si, S, Cl, K, Ca, Ti and Fe. Our EDS analysis has the limitation that it cannot detect lighter elements with atomic number lower than 12. While the qualitative presence of all the elements listed in Tables 1−3 are found consistently in each area and sample of celotex, the quantity of each of these elements vary from one area to another. The observed inhomogeneity and scattering in the contents from one area to another is understandable owing to the fibrous nature of celotex. Tables 4 and 5 give, respectively, the ICPMS and IC data of celotex. The major elements present (> 1 µg/g of celotex) according to the ICPMS data are Al, Ba, B, Ce, Cr, Cu, Fe, Pb, Mg, Mn, Ni, Na, Ti, V, and Zn. The major anions present according to the IC data are fluoride, chloride, bromide and sulfate. IC analysis also indicates the presence of significant amount of potassium and calcium cations. Previous studies (LeMay, 1995; Lillard et al., 1997) have focused mostly on the amounts of chloride and fluoride extracted from celotex since chloride is known to cause pitting corrosion on beryllium. Our analysis shows the presence of significant amount of sulfate in celotex in addition to chloride and fluoride. In fact the concentration of sulfate found is much higher than that of chloride (Table 5) and the role of the sulfate ions on the corrosion behavior of beryllium needs to be considered. Also, our ICPMS, IC and EDS analyses show the presence of several cations and they may play a critical role in aiding the corrosion process. The role of cations in the corrosion process needs to be assessed as well.
The amounts of chloride (960 µg/g of celotex) and fluoride (50 µg/g of celotex) found in our IC analysis (Table 5) Tables 1−3) showed similar behavior in the TGA and DSC experiments.
EDS analysis was carried out on the residues obtained after firing the three celotex samples (S1, S2 and S3) in air at 400°C for four hours in order to assess whether any other inorganic species is also lost in addition to carbon and hydrogen during the firing process. The EDS analysis data collected at five different areas and their average are given in Tables 6−8 . The numbers presented in these Tables 6−8 are obtained by assuming that the sum of the weight % of all the elements listed in the Tables corresponds to 100%.
The residues (approximately 10 weight %) obtained after firing show the presence of all elements that were present in the as-received celotex (Tables 1−3 ) with the exception of Cl. This indicates that the Cl present in the asreceived celotex volatilizes on firing. This observation may possibly suggest the presence of organic chlorides rather than inorganic chlorides in celotex. Further experiments are necessary to identify the nature of the chloride species. The volatilization of Cl on firing also suggests that the increase in temperature within the storage container may enhance the release of Cl from celotex, which may have important consequences in the corrosion process. The data in Tables 6−8 reveal that the quantity of each of the elements does not vary from one area to another in the residue unlike in the as-received celotex (Tables 1−3 ). This is due to a more homogeneous nature of the fired powder residue compared to the fibrous nature of the as-received celotex.
Thermodynamic Predictions Of Corrosion Precursors
Recently, Moddeman and coworkers (Moddeman et al., 1997; Birkbeck et al., 1999) , have shown that beryllium chloride is readily formed when the beryllium oxide layer is removed in a chlorinated environment, i.e., scratching or polishing a beryllium sample under a chlorinated solvent. This can be understood on the basis of equilibrium thermodynamics since the reaction Be+Cl 2 →BeCl 2 is accompanied by high enthalpy of formation (−496 kJ/mol at 300 K).
Under ambient conditions beryllium forms a stable, protective oxide layer on the surface (White and Burke, 1955). The reaction Be+½O 2 →BeO occurs with an enthalpy of formation of −609 kJ/mol at 300 K. The production of surface chlorides can be investigated by analyzing the stability of this oxide layer in a chlorinated environment. To that aim we selected a model system containing beryllium, carbon, chlorine, hydrogen and oxygen. Once the temperature and the pressure are fixed, the equilibrium state is determined by the minimization of the free energy functional in a five-dimensional space. The minimization was performed using Thermo-Calc (Sundman et al., 1985 ; Thermocalc) along with the SGTE database (Ansara and Sundman, 1986 ). All of our calculations were performed at 300 K and 1 atm of pressure.
Our calculations show that carbon plays an important role in the formation of BeCl 2 from BeO. This is illustrated in Figure 1 in which the molar fractions of the condensed and the gas phases are plotted against the concentration of carbon in the system. In Figure 1 , the amount of each element is fixed with the exception of carbon. From Figure 1 we see that BeCl 2 is not formed when the carbon concentration is low. The formation of BeCl 2 becomes possible only when the amount of carbon reaches a critical value. The production of CO 2 proceeds as we increase the content of carbon in the system since the reaction C+O 2 →CO 2 occurs with negative enthalpy of formation (−394 kJ/mol at room temperature). The increase in the mole fraction of the gas phase in Figure 1 is due to the production of CO 2 as carbon is added. For low hydrogen concentration, as is the case of Figure 1 , we can continue to increase the amount of carbon in the system without producing BeCl 2 until all the oxygen in the gas is in the form of CO 2 . A further increment in the carbon content still produces CO 2 , but in this case BeO provides the oxygen. The formation of CO 2 from BeO allows the production of BeCl 2 . The mole fraction of BeCl 2 increases linearly with the addition of carbon until nearly all the chlorine in the system is in the form of BeCl 2 . If the concentration of H 2 is large enough, H 2 O may be formed. This does not change the mechanism behind the formation of BeCl 2 , although the equilibrium between the different phases becomes more complicated. We will return to this point later in the report.
The foregoing process is ruled by the presence of carbon and by its abundance respect to oxygen in the gas phase. This suggests that the natural variable to be used to describe the evolution of the BeO phase with the addition of carbon is the ratio of carbon to the initial amount of oxygen in the gas phase, N(C)/N*(O 2 ). The N(C)/N*(O 2 ) ratio has the value of 1 at the point in which all the oxygen in the gas has been consumedthe onset of the production of BeCl 2 . In Figure 2 we illustrate this point by plotting the amount of the different phases (normalized to the content of the BeO) against N(C)/N*(O 2 ).
From this figure it is apparent that the BeO phase remains unaltered until all the oxygen in the gas is combined with carbon. Figure 2 also illustrates that formation of BeCl 2 from BeO is limited by the content of chlorine in the system. Moreover, CO 2 cannot be produced indefinitely as carbon is increased since a Be-pure phase represents a considerable increment in free energy. In other words, it is preferable to maintain the very stable BeO phase and form graphite with the additional carbon.
The relative abundance of the main constituents in the gas phase of Figure 2 (or Figure 1 ) is shown in Figure 3 . This figure illustrates that the formation of CO 2 increases monotonically with the addition of carbon until almost all the chlorine is in the form of BeCl 2 small quantities of HCl are formed since the content of H 2 is very low, but finite. Chlorine and oxygen are the major constituents in the gas phase at low concentration of carbon. This implies that at higher concentration of hydrogen, H 2 O and HCl molecules can be formed since at room temperature the reactions 2H 2 +O 2 →2H 2 O and H 2 +Cl 2 →2HCl occur with enthalpies of −286 kJ/mol and −92 kJ/mol, respectively.
At low concentrations of H 2 , water molecules are formed with the oxygen in the gas phase that is not in the form of CO 2 as the reaction C+O 2 →CO 2 occurs with a higher enthalpy (−394 kJ/mol). On the other hand, at high hydrogen concentration the formation of H 2 O and HCl is preferred over the production of CO 2 . The formation of large quantities of H 2 O and HCl as compared to the amount of CO 2 lowers the free energy. Figure  4 (a) we can see that the amount of gas phase increases steadily with the addition of hydrogen reaching a maximum and then decreasing. The decrease in the amount of the gas phase at higher hydrogen concentration is related to the condensation of H 2 O molecules and to the formation of graphite, thus diminishing the amount of CO 2 [see Figure  4 (b)].
The interplay between carbon and hydrogen on the thermodynamic equilibrium of our model system can be displayed in a general way by plotting the stable phases in the systems as a function of the ratios Figure 5 .
Although we can draw a definite scale in the N(H 2 )/N(Cl 2 ) axis, it is not possible to do the same in the N(C)/N*(O 2 ) axis. For values of the N(H 2 )/N(Cl 2 ) ratio less than 1, the onset of the formation of BeCl 2 is given by N(C)/N*(O 2 )=1, a condition that is independent of the content of chlorine in the system. However, the extent of region BeO+BeCl 2 is determined by the concentration of chlorine. At zero content of hydrogen, the boundary between BeO+BeCl 2 +C (graphite) and BeO+BeCl 2 is given by the condition N(C)/N*(O 2 )=1+N(Cl 2 )/2N*(O 2 ) (point f in Figure 5 ).
The oxide phase is stable all over the diagram with the exception of the regions that contain BeCl 2 as a stable phase. The hydrogen and carbon content in the system, as we mention before, control the formation of BeCl 2 . For N(H 2 )/N(Cl 2 )<1, the production of BeCl 2 starts at N(C)/N*(O 2 )=1 and increases linearly with the addition of carbon reaching a maximum at the boundary between the BeO+BeCl 2 and BeO+BeCl 2 +C regions (cf. Figure 2) .
On the other hand, for N(C)/N*(O 2 )>1, BeCl 2 begins to be formed at N(H 2 )/N(Cl 2 )=1 and increases linearly when decreasing the amount of hydrogen in the system [cf. Figure 4 (a)] attaining a maximum at the boundary between the BeO+BeCl 2 and BeO+BeCl 2 +C regions. The phase diagram of Fig. 5 can be better understood by noting that along each line defining the boundary between different regions, one phase becomes unstable. For example, along the line passing through points f and g in Figure 5 , the amount of graphite is zero. The phase diagram in Figure 5 depends only on the carbon-to-oxygen, carbon-tochlorine, and hydrogen-to-chlorine ratios. These ratios are defined by the experimental conditions and by the selection of the solvent. The content of oxygen and hydrogen are variables that can be controlled in the laboratory, while the content of chlorine and carbon can be set by the selection of the solvent. Each point in Figure 5 represents different atmospheric conditions and/or different solvents. For environments containing hydrogen and oxygen in the atmosphere, for example, atmospheric moisture, chlorinated (organic) solvents with a hydrogen-to-chlorine ratio higher than 1, are represented in Figure 5 by points belonging to the BeO+H 2 O (l) or BeO+C or BeO+H 2 O(l)+C regions. Consider, for example, solvents with hydrogen-to-chlorine ratio higher than 1 (such as 1,1,1-trichloroethane). The phase diagram in Figure  5 predicts that under equilibrium conditions BeCl 2 does not form independently of the N(C)/N*(O 2 ) ratio. On the other hand, if we consider a solvent with a hydrogen-tochlorine ratio equal to zero, such as carbon tetrachloride (CCl 4 ), the formation of BeCl 2 is thermodynamically favorable only when N(C)/N*(O 2 )>1. Thus, assuming that all carbon in the system is coming from CCl 4 , the corrosion precursor BeCl 2 will not form if the oxygen content in the gas phase is sufficiently high. However, BeCl 2 will form if the oxygen in the gas phase falls above a critical value such as N(C)/N*(O 2 )>1.
The importance of the carbon-controlled BeCl 2 production is evident since the vapor degreasing with an organic solvent such as 1,1,1-trichloroethane (TCA) or 1,1,2-trichloroethylene (TCE) is the standard procedure for cleaning weapon components. The importance of the hydrogen-to-chlorine ratio in the solvent, on the other hand, is apparent if we compare TCA and TCE. Since TCA has a hydrogen-to-chlorine ratio equal to 1, the equilibrium results predict that BeCl 2 is not formed in a hydrogen-containing atmosphere independently of the amount of solvent in the system. In contrast, TCE has a hydrogen-to-chlorine ratio less than 1 and consequently BeCl 2 can be formed when the amount of solvent in the system is enough to satisfy the condition N(C)/N*(O 2 )>1. The thermodynamic results for TCA and TCE are in qualitative agreement with experiments on these solvents. Birkbeck et al., (1999) , examined the effects of residual chlorinated solvents on beryllium on near-ambient conditions by using x-ray photoelectron spectroscopy. After exposing beryllium metal to vapor degreasing with TCA and TCE, Birkbeck and coworkers, found that both solvents leave the beryllium surface chlorinated, with TCE leaving behind a significantly larger chloride concentration that TCA (Birkbeck et al., 1999 ).
An important feature of high-hydrogen content solvents is that the formation of BeCl 2 is prevented by the formation of HCl [cf., Figure 4(b) ]. We note, however, that HCl itself may play an important role in the corrosion of beryllium in closed environments, such as the AL-R8 containers. Although the equilibrium thermodynamics results show that HCl does not affect the stability of the BeO phase, kinetic factors should be considered in order to establish the role played by HCl.
Finally, we note that the main changes in the phase diagram of Figure 5 (calculated at 300 K) with temperature relate to the amount of water (liquid) in the system, i.e., at higher temperatures the amount of condensed water is less. The calculated phase diagram is expected to provide a valuable guide to select degreasing solvents, which can avoid or suppress the formation of the corrosion precursor beryllium chloride.
CONCLUSIONS
The compositional characterization of celotex reveals the presence of fluoride, chloride and sulfate anions and other elements such as B, Na, Mg, Al, Si, K, Ti, Mn, Fe, Ni, Zn and Ba. Celotex decomposes in the temperature range 200−400°C, losing the organic constituents and Cl. The loss of chlorine at moderate temperatures may have important consequences on the release of chlorine and the formation of the corrosion precursor. The future work is aimed to focus on the release of chlorine as a function of temperature and humidity conditions. Also, the role of sulfate anions that is present in significant amounts in celotex need to be assessed on the corrosion behavior of beryllium.
Thermodynamic calculations have been performed to identify the conditions under which the formation of the corrosion precursor, beryllium chloride, is favored on the surface of beryllium. The calculations show the presence of a threshold amount of carbon and H/Cl ratio < 1 is critical in stabilizing beryllium chloride. Our thermodynamic results for TCA and TCE are in qualitative agreement with the observations of Birkbeck et al., (1999) . The calculations may be used as a guide in choosing appropriate solvents for degreasing. However, the kinetics of formation of the precursors is not taken into account in the calculations. The kinetic factors may play a significant role as well.
